Abstract. This work reviews the use of diffractive optics for beamshaping of high-power lasers ͑50-100 W͒ for welding and microwelding of plastics. While the use of lasers to weld plastics is well known, the use of diffractive optics to reshape lasers for welding of plastics has not been previously reported. By using inverse Fourier transformations diffractive lenses were designed and fabricated. An 80 W fiber laser with a wavelength of 1084 nm was coupled in air to the diffractive optical element ͑DOE͒ to shape the beam into predetermined patterns. These patterns were then reduced with standard optics to a desired size. Weld quality was assessed in terms of fidelity and replication of the original bitmap image that was used to design the DOE. Good results were obtained for both image fidelity and replication. In many cases the weld image retained the individual bitmap elements of the original artwork used to encode the DOE. It was also found that the overall efficiencies of the system were as high as 59% and weld times were less than 1 s. Weld joints were also determined to be relatively strong and weld circles as small as a few hundreds of m in diameter could be formed.
Introduction
Many parts fabricated from plastics must be joined from subassemblies. Designers have a large number of choices of assembly methods, including snap fits, screws, adhesives, and welding. This work focuses on a relatively new technology of welding plastics, namely laser welding, and in particular the use of diffractive optic elements ͑DOEs͒ for beam shaping for laser welding of plastics. There are two basic modes of laser welding, surface heating and through transmission infrared ͑TTIr͒ welding. 1, 2 While only TTIr is considered for this work, DOEs can obviously be applicable to both modes of laser welding of plastics. TTIr welding is used for such applications as automotive lamps and medical components. It is well suited for applications that require hermetic seals with minimal marking and low flash/ particulate generation.
The TTIr mode of laser welding is currently the most popular mode of operation because it offers several additional benefits compared to surface heating. For example, it is a preassembled method. 2 Possibly one of the most important advantages of the TTIr process is weld quality. Because the process is noninvasive, the parts typically have excellent cosmetic properties. In addition, there are no excitation vibrations or large heated platens and only the weld area is heated, melted, and welded.
In TTIr welding, there are several techniques for applying or directing the radiation to the bond line ͑faying surface͒: scanning the weld area by moving the parts or the laser, simultaneously heating the whole joint area, and masking. In many instances, especially with microfluidic or sensing devices, displacement or collapse of the substrates is not tolerated, as it will affect the fluidic channel size or final part height. Because scan welding and mask welding do not allow for displacement of the faying surface ͑joining surfaces͒ these techniques are well suited for these types of applications.
However, if complex geometries are to be welded that require displacement, it is possible to use a flexible array of diodes 3 to simultaneously illuminate the surfaces. In addition, it is possible to use light guide technology so the laser sources can be remotely located from the work piece for better uniformity and longer product life. 4 Other welding techniques include, but are not limited too, scan welding and quasi-simultaneous scan welding. 1 The novel welding technique proposed in this research is the use of DOEs for laser beam shaping. [5] [6] [7] Figure 1͑a͒ shows the proposed welding technique where the desired weld pattern is a simple ring.
Some of the advantages of the proposed technique include:
1. relatively simple optical components; 2. no need for complex light guides; 2. the raw beam must be planer/collimated; and 3. the image is focused in a two-dimensional plane.
Currently, the entertainment industry 8 uses computercontrolled DOEs ͑so-called spatial modulators͒ that can be reprogrammed to generate random patterns. This eliminates the need to design and fabricate a new lens for each application. However, the current technology of these devices prevents them from being useful at high powers ͑greater than about 100 mW͒, which is necessary for material processing and welding. However, it is believed that in the near future this limitation will be overcome and lens fabrication for new part geometries will no longer be required.
Because a "real" image is produced with diffractive optics, [7] [8] [9] [10] [11] it is possible to further manipulate the image with standard optics. For example, by passing the image through a convex lens, it is possible to reduce the size of the image at a given plane ͓Fig. 1͑b͔͒. This allows microfeatures, such as microelectromechanical system ͑MEMS͒ and microfluidic features, to be welded.
Because of fabrication and design related issues, 7 in many DOEs a significant amount of the energy of the original beam would be passed through the zero order, which corresponds to passing straight through the center as well as higher order diffraction patterns and fuzzy ͑low fidelity͒ images. Optimum DOE design techniques ͑encoding͒ based on stochastic algorithms have been developed that allow more efficient DOEs than those designed with the direct technique ͑Fourier transformations͒. [11] [12] [13] [14] Because the wavelength of light is relatively small ͑400-1100 nm͒, a DOE must have relatively small features in order to have an image form within a reasonable distance, thus, methods to fabricate a lens with feature sizes in these ranges include but are not limited to, 15 micromachining, 16 direct writing methods, 17 and lithography techniques. While there are other techniques and variations, such as hot embossing or laser-assisted embossing, [18] [19] [20] it is common to use some variation of lithography.
In terms of using DOEs for high-power applications, there are few published works. Liu et al. 6 used DOEs for beam shaping as a launching mechanism into fiber-optic cables. That is to say, they fanned out a single beam into various numbers ͑2, 4, 8, and 10͒ of smaller beams in order to couple the original single beam to fiber-optic cables. They also reshaped circular beams into rectangular top hat beams for material processing. They based most of their diffractive patterns on improved annealing algorithms and were able to achieve efficiencies as high as 85% with 16-level diffractive orders. One of the reasons they were able to report such high efficiencies was that they used not only the images that were in the first order, but also the higher order patterns due to the repetitiveness of the image. This effectively minimizes losses in the higher orders. They did not implement their design into any application and worked with a Nd:YAG laser with powers greater than 100 mW. Kawamoto 21 proposed using diffractive optics for welding plastics using a Nd:YAG laser. The proposed welding configuration is similar to those put forth in this research; however, no experimental results and no details-such as diffractive design algorithms, power levels, efficiencies, and fidelities-were provided. Other researchers have also used DOEs in material processing for beam homogenizing 22 to enhance manufacturing performance.
It has been reported that DOEs can be used to drill composite substrates for the electronics industry. [23] [24] [25] In this case, a single beam from a Nd:YAG laser is reshaped to match the desired hole pattern. In addition, Lizotte 26 reported that diffractive optics can be used to weld high intensity discharge lamps for the automotive market. In this case, a laser beam is reshaped to match the circle pattern to braze the circumference of the lamp.
Holograms are a special type/group of DOEs. Typically, ͑but not always͒ DOEs form images in two dimensions while holograms can typically ͑but not always͒ produce images in three dimensions. Holograms are typically produced by photographic techniques instead of computer algorithms. A typical transmission hologram has a diffractive pattern that consists of clear and dark regions, similar to a computer-generated magnitude DOE, except that the pattern is very complex and it is produced using photographic techniques. 27 While it is not reported here, researchers have demonstrated that holograms can be used to reshape high power laser ͑100 W͒ into 3-D fields for industrial applications, such as welding, 28 marking, and confinement of atomic particles. 29 In this work a He/ Ne laser ͑530 nm͒ was used to encode ͑produce͒ the holographic film to form a circle pattern. However, when the hologram was illuminated with the fiber laser, the image would be produced at approximately 45°from the normal relative to the hologram. In addition, because of the low efficiencies, it was never possible to produce a weld with the holographic lens and, in addition, patterns on ZAP paper took as long as 10 s at 80 W of illumination to form. It is believed that most of the aforementioned problems with the hologram were caused by the fact that the image was encoded at a different wavelength of laser light than that used to illuminate the hologram. Because there are no commercially available photographic films sensitive to a wavelength of light of 1084 nm, no additional experiments with the holographic imaging were performed.
Experimental Procedures 2.1 Materials and Samples
Polycarbonate ͑PC͒ was used during this study. This material was selected because it represents a material that will probably be used in the MEMS industry. Table 1 details the mechanical and thermal properties of this material. 30 Two main images, a circle and a square, were used to characterize welds made with DOEs, as shown in Fig. 2 . The size of the welds ͑diameter and width, respectively͒ was determined by the distance between the diffractive optic and sample ͑working distance͒. The widths of the weld lines were determined by varying the process parameters, namely laser power and weld time.
Diffractive Optic Element Design and
Fabrication Two DOE design methods were studied: ͑1͒ direct method and ͑2͒ annealing method. For direct method, MATHCAD was used to perform the inverse fast fourier transform ͑IFFT͒ analysis and predict the desired diffraction patterns. In this case, the desired image was a 50ϫ 50 two-level ͑0 and 255͒ bitmap. Thus, the resulting diffractive image was also a 50ϫ 50 image. Depending on the final feature size ͑size of each pixel͒, the diffractive image was tiled repetitively so that the entire beam ͑3 mm in diameter͒ was captured. In the studies involving the direct method, only two levels were considered. In addition, this algorithm assumed a uniform planar wave.
For the studies involving the designs based on the annealing method, a proprietary algorithm developed by Hitachi was used. In this case, a 512ϫ 512 bitmap was used, and the final design calculated a diffractive optic with four levels ͑0°, 90°, 180°, and 270°͒. Because of the size of the resulting images ͑512ϫ 512͒, tiling was not required. In this case, a Gaussian beam distribution with a 3 mm diameter was assumed as the illumination. Thus, it was anticipated that DOEs fabricated with these designs should perform better than those fabricated from the direct method because of:
1. higher bit resolution ͑512 compared to 50͒; 2. greater number of levels ͑four compared to two͒; and 3. better approximation of illumination ͑Gaussian compared to uniform͒.
Based on the two diffractive image predictions ͑direct and annealing͒, two masks were produced and evaluated:
1. printed on ultraclear transparency film at 9600 DPI ͑20 m features, two level͒; and 2. chrome on glass professional mask ͑10 m features, two and four level͒ In order to fabricate a four-level design from a single mask ͑Mask No. 2͒, a concept known as a rotating mask was used. In this case, all three images required to make a fourlevel design were printed on the same chrome/glass mask; the surface level is the fourth level used in this design. Each image was sequentially rotated 90°and placed concentrically on the center of the mask at 90°orientations. For example, Fig. 3 shows how the four images ͑levels 1 = surface, 2 = B, 3=C, and 4 = D͒ are orientated on the mask so that, when transferred to the wafer, they are allowed to be properly superimposed. It is important to note that on the final wafer only the images located in the first quadrant have the proper etching depths at each location and that the first image at quadrant 1 ͑AA͒ is only used when fabricating a two-level DOE. In addition, during the first etching the mask was in the first position and the etch depth was 1.204 m. This produced the two-level optical elements. In this position, where the four-level designs were located, the wafer was protected by the photoresist and thus no etching was done. In the other three positions, the locations of the two-level designs were coated with photoresist and accordingly not etched. The etch depths of the remaining positions were 0.602, 1.204, and 1.807 m, respectively ͑based on a laser wavelength of 1084 nm͒. The DOEs were fabricated on a 100-mm-diameter wafer that was 0.5-mm-thick fused silica, with one-quarter wavelength flatness.
Standard lithography technique was used to etch the fused silica to desired depths. The photoresist was SPR220-7.0 and it was deposited with a thickness of 10 m. In the aligner, a dummy ͑silicon͒ wafer was placed under the sample to prevent reflected UV bleeding through the clear fused silica wafer. The wafer was then exposed to UV radiation and developed. A LAM 490 unit ͑LAM and Associates͒ was used for reactive ion etching of the wafer. Table  2 details the procedure for reactive ion etching ͑RIE͒. This procedure was repeated three times; once for each depth, with the zero level corresponding to the top nonetched surface level. Thus, the final wafer had a total of four different levels with the proper etching order only in quadrant No. 2. As seen in the table, step No. 2 ͑etching͒ was varied according to the desired etch depth.
Welding Using DOEs and Characterization
In the majority of welding experiments with DOEs, an 80 W fiber laser was used ͑IPG Photonics YLR-100͒. The 
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Step 4 wavelength was 1084 nm and the raw beam had a diameter of approximately 5 mm. Various configurations were studied, including illumination with the raw beam. However, the best results were obtained with the raw beam focused to a 3-mm-diameter spot size and placing the DOE at the focal plane. It is believed that this maximized the illumination of the DOE while assuring a planar wave front. In most welding configurations, the zero order ͑hot spot͒ coincided with the hole drilled into the absorbing sample for application of compressed air during burst testing ͑Fig. 2͒. If an alternative setup was used, the zero order was masked with a glass slide coated with a circular film of copper ͑3 mm diameter͒. The mask was placed as close to the weld plane as possible in order to reduce energy losses.
In most cases, a transparent bladder was used to ensure that intimate contact was maintained during welding. The pressure was held constant at 0.25 MPa. The welding parameters studied were: power, time, and working distance. Weld quality was measured by evaluating the strength of the welds as well as visually inspecting weld fidelity compared to the desired image.
In order to measure the efficiency of the DOE, power was measured with three configurations:
1. power into the diffractive optics ͓see Fig. 4͑a͔͒ ; 2. power in the zero ͑center hot spot͒ and first order ͑desired image͒ ͓Fig. 4͑b͔͒; and 3. power only into the first order ͑desired image͒ ͓Fig.
4͑c͔͒.
In this experimental setup, the higher order diffraction patterns fell outside the window of the power meter and was thus masked by the housing of the power meter. The overall efficiency of the diffractive optics ͑Effec͒ was then calculated as
where P 1 is the power in the first order ͓Fig. 4͑c͔͒ and P T is the total power delivered to the diffractive optics ͓Fig. 4͑a͔͒. This also allowed the power loss in the zero order to be measured. In addition, by measuring the losses in the transparent bladder, the power delivered to the weld zone was measured. It is important to note that in the majority of the reported data, the reported power is the true power that was delivered to the interface and it accounts for the losses in the undesired orders as well as losses in the transparent bladder and sample. In order to gain insight into the power distribution within the cross section of the diffractive image, a knife edge beam characterization 31 technique was used. The process basically works by slowly moving a knife edge that is parallel to a line segment and measuring the power as a function of edge location. In this study the zero order was masked near the diffractive image in order to prevent equipment damage. The knife edge was a razor blade positioned with a micrometer. The derivative as a function of position was taken in order to calculate actual power distribution. 
Burst Pressure Measurements
Pressure burst testing was used instead of tensile testing because of the inherent weld geometry. Air pressure was applied to the weld sample through a hole so that the cavity between the clear top sheet and the black substrate was inflated. An aluminum manifold was fabricated so that air pressure from a proportional valve was directed to a pressure transducer and to a port where the sample was adhesively bonded with "Krazy" glue. The pressure was varied in a linear fashion using a SMC ͑model VEP312͒ proportional valve. The ultimate pressure required to initiate a leak or fracture of the weld was recorded as the weld strength ͑burst pressure͒.
Microwelding
Using the experimental setup described in the previous section, two lens systems for image reduction were evaluated:
1. 74 mm double convex lens with focal length of about 64 mm ͑Oriel 12740͒; and 2. 20ϫ compound microscope objective lens.
The working distance ͑between lens and weld͒, power, and weld time were varied in order to produce the smallest possible image. Figures 5͑a͒ and 5͑b͒ show diffractive patterns for the circle that was generated with the direct algorithm methodology. In the first image ͑a͒, a single pattern is shown and in the second image ͑b͒, the same pattern has been tiled ͑5 ϫ 5͒. Because the direct method only predicted two-level designs, each level is represented by black or white. It is important to note that because only two levels or phases are used, it is irrelevant whether the black or white areas correspond to 0°or 180°, since the two levels will always be 180°out of phase. Figure 5͑c͒ shows a two-level design for a diffractive pattern predicted with the annealing algorithm. This is in contrast to the patterns seen in Figs. 5͑a͒ and 5͑b͒ , where a uniform planar wave is assumed in the algorithm.
Results and Discussion

Diffractive Optic Element Images
DOE Etching Rates
The feature depth measurements were done using a standard profilometer ͑Solarius Ditech͒. A quadratic curve fit for the etch rate ͑dz / dt͒ as measured experimentally can be defined as a function of time giving:
where z is the etch depth in microns and t is time in minutes. It is important to note that the etch rate is not linear because of edge effects as the features form and distance changes as a function of time. It is seen that Eq. ͑2͒ is a standard differential equation, with a solution in Eq. ͑3͒ using the initial condition that at t =0, z =0
This allows estimation of etching time in order to achieve a final etch depth ͑z͒.
DOE Surface/Etching Quality
The lens that was evaluated was one that was fabricated with the LAM reactive ion etcher with the chrome on glass mask with three etch depths ͑four layer͒; thus, alignment of existing features relative to the mask is critical. The final etch depths, phases, and corresponding errors are detailed in Table 3 . It is seen that the depths are very close to the desired depths and the deviations from the desired values were considered acceptable. Figure 6 shows a scanning electron microscope photograph of a fabricated lens. It is seen that the etched surface is relatively smooth. 
DOE Characterization
Two basic characteristics were quantified for the various lenses that were fabricated:
1. efficiency of the lens; and 2. beam uniformity.
Using the experimental setup shown in Fig. 4 , the efficiencies of the lenses were measured. Efficiencies are defined as the energy delivered to the first-order image only ͑de-sired image͒ divided by the energy into the diffractive optic. The efficiency of the two-level ͑direct algorithm͒ lens was 46.5%, and that of the four-level lens was 59%. In order to gain insight into the power distribution within the cross section of the diffractive image, a knife edge beam characterization technique was used. In this experiment, the two-and four-level designs were studied and the square box image was selected. This is because it allows three of the four line segments to be masked from the power meter during the experiment and allows the remaining segment to be parallel to the knife edge. As shown in Fig. 7 the power distribution for both lens designs is nonuniform. As expected, the two-level design has a distribution that is nearly Gaussian, and the four-level design appears to have higher orders of diffraction, although its distribution is not symmetrical. This may be due to experimental error-the offset of the various levels during mask alignment-in lens fabrication. Figure 8 shows a weld ͑a͒ and predicted image ͑b͒ using the four-level lens with the chrome on glass mask ͑best lens͒. The outer diameter of the circle in this case was 20 mm. It is seen that the weld image is very similar to the desired and predicted image. Despite the fact that the weld width varies, the circle is fully welded. In addition, the cycle time is relatively short ͑0.5 s͒. Figure 8͑c͒ shows a weld made with the box image with the two-level design. It is seen that the welds are relatively uniform, and with cycle times greater than 2.0 s the box image is fully welded. In this case, the laser output was 60 W. Additional welds were made with the circle design in order to determine the minimal weld widths. These welds were made with the lens fabricated with chrome on glass mask ͑four level͒ at a relatively short working distance ͑125 mm͒, in order to produce a weld circle with a diameter of 10 mm. The cycle times were varied between 0.025 and 0.2 s and the weld power was 47.2 W. Figure 9 shows that as expected, weld width was proportional to weld time. But most importantly, the minimum weld width was as narrow as 115 m with a weld time of 25 ms. Figure 10 shows a micrograph of selected regions of the weld made with a 10-mm-diameter ring. It is seen that there is evidence of fractures near the outer diameter of the welds. It is believed that this is primarily the result of residual stress relaxation due to the relatively short cycle times ͑25 ms͒ and high power dissipation ͑47.2 W͒. It is believed that process optimization may reduce these stresses. It is also seen that at longer weld times, there is evidence of polymer degradation at the center of the weld. This is seen as outgassing, producing voids in the center of the weld. This is expected because the power distribution of the image is Gaussian and thus it has a relatively high power level in the center of the weld. It is also seen that there is variation in weld widths with the larger circle, again suggesting that the diffractive pattern was not fully optimized.
Welding Using Doe
Circular ring welds made with a diameter of 20 mm were burst-pressure tested as described in Sec. 2. Again, these welds were made with the four-level lens fabricated with the chrome on glass mask. At higher energy inputs ͑47.2 W for 0.5 s͒, the weld never failed. That is to say, the welded film was able to sustain the maximum test pressure ͑650 kPa͒. At lower energy levels ͑29.5 W for 0.5 s͒, the welds did fail. In all cases, the failure was catastrophic ͑sudden͒. Figure 11 shows the burst pressure as a function of weld time for two power levels. It is seen, as expected, that burst pressure is proportional to weld time and weld power. It is important to note that the reported power is the true power to the weld and accounts for all power losses in the experimental apparatus including losses in the DOE, flexible bladder, and top transparent film. In cases where the sample did not burst at the maximum pressure available on this system, that pressure was reported as the burst pressure in Fig. 11 . For example, at the lower power level ͑29.5 W͒, weld times greater than 0.8 s had higher burst pressures than 0.67 MPa, but because of limitations in the test setup, only the highest possible test pressure was reported.
Diffractive Optic Welding of Complex Shapes
In order to ensure that complex shapes could be welded using diffractive optics, a DOE to produce the text "OSU" was designed and fabricated. Figure 12 shows a typical burn pattern and weld using that DOE. It is seen that while the image quality is not perfect and there is some nonuniformity, the general image is relatively good.
Microwelding
In the initial studies, a circular image with a 20 mm diameter was projected at the center of the 100 mm lens ͑No. 1͒. It was found that better image resolution was obtained when the power was maximized and time minimized. This is expected, because these sets of parameters reduce thermal diffusion. However, it should be noted that these conditions may not minimize residual stresses within the weld. In order to minimize limitations due to image reduction, a 20ϫ compound lens system was used ͑No. 2͒. In this case, the microscope lens was illuminated with a circular image approximately 5 mm in diameter.
As seen in the burn pattern images in Figs. 13͑a͒ and 13͑b͒, the resolution of the images was very good, and in fact the resolution appears to approach that of the ZAP paper grain size. In the first image ͑a͒, the working distance was approximately 7 mm and the circle diameter was approximately 600 m. At the shorter working distance ͑ϳ5 mm͒ ͑b͒, the circle diameter was only 300 m. Figure  13͑c͒ shows a weld on PC made with 47.2 W of laser power from the DOE and a weld time of 0.01 ms. It is seen that the fidelity of the weld is excellent and appears to be as good as or better than the original images made without image reduction. This high resolution is probably due to increased image resolution with image reduction. In addition, it is seen that the weld diameter is approximately 300 m and the weld width is 75 m. It is seen in Fig. 13 that there are finger like lines extending outward from the center of the circle. Because of the location and geometry of these radial fingers, it is theorized that they are the result of residual stresses, which are particularly noticeable in the center of the circle. It is believed that process optimization may reduce these stresses.
Conclusions
In this study it was found that it was possible to use DOEs to reshape laser beams for TTIr welding of plastics. This is a novel and previously unreported method of making welds with thermoplastics. Furthermore, it was demonstrated that images produced with DOEs could be resized with standard optics in order to make small welds ͑Ͻ300 m͒. An original rotating mask for photolithography was designed that allowed four-level images to be etched onto a substrate with a single mask. Other findings related to DOEs include the following:
• The process was relatively efficient ͑+59% ͒ and uniform welds could be produced.
• Diffractive lenses capable of transmitting more than 80 W of laser power were possible.
• Cycle times as short as 50 ms were possible.
• Weld lines as narrow as 75 m were possible.
• Circular ring weld patterns of 20 mm diameter between polycarbonate films and substrate were generated so that they could support an internal pressure of 0.67 MPa without failure or leaking.
• Weld width was proportional to power and time.
• Excessive weld energy resulted in degradation at the weld center line.
• Weld geometries ranging from circles to squares to text were done using diffractive imaging.
